Ratchet effects induced by terahertz radiation in heterostructures 
with a lateral periodic potential 
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We report on the observation of terahertz radiation induced photogalvanic currents in semicon- 
ductor heterostructures with one-dimensional lateral periodic potential. The potential is produced 
by etching a grating into the sample surface. The electric current response is well described by 
phenomenological theory including both the circular and linear photogalvanic effects. Experimental 
data demonstrate that the inversion asymmetry of the periodic lateral pattern can be varied by 
means of electron beam lithography to produce classical lateral ratchets. A novel microscopical 
mechanism for the polarization-dependent photogalvanic effects has been proposed to interpret the 
experimental findings. The photocurrent generation is based on the combined action of the lat- 
eral periodic potential and the modulated in-plane pumping. The latter modulation stems from 
near-field effects of the radiation propagating through the grating. 
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I. INTRODUCTION 



Noncquilibrium spatially-periodic noncentrosymmet- 
ric systems are able to transport particles in the absence 
of an average macroscopic force. The directed transport 
in such systems, generally known as the ratchet effect, 
has a long history and is relevant for different fields of 
physicsii£ii^£&£i£. If this effect is induced by electro- 
magnetic radiation it is usually referred to as photogal- 
vanic (or photovoltaic) effect, particularly if breaking of 
the spatial inversion symmetry is related to the micro- 
scopic structure of the system^ ' 10 ^ 1 ! 12 ^ 3 . Blanter and 
Biittike r 14 ! 15 have shown that one of the possible realiza- 
tions of the Seebeck ratchet can be a supcrlattice irra- 
diated by light through a mask of the same period but 
phase shifted with respect to the supcrlattice. In the 
present work we have experimentally realized this idea 
with some modifications. The photocurrent has been 
observed in semiconductor heterostructures with a one- 
dimensional lateral periodic potential induced by etching 
a noncentrosymmetric grating into the sample cap layer. 
The in-plane modulation of the pump radiation appears 
hence not via a mask with periodic structures but due 
to the near-field effects of radiation propagating through 
the grating. This photothermal ratchet effect was pre- 
dicted by Biittiker— and is polarization independent un- 
der normal light incidence. In addition we have observed 
photocurrents sensitive to the plane of polarization of 
the linearly polarized terahertz (THz) radiation and to 
the helicity in case of circularly polarized photoexcita- 
tion. The theoretical analysis enables us to propose new 
mechanisms of the observed circular and linear photogal- 
vanic effects which are related to the combined action of 
out-of-phase periodic potential and in-plane modulated 
pumping of the two-dimensional electron system. 
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II. SAMPLES AND EXPERIMENTAL 
METHODS 



Here we study photocurrents in (OOl)-grown 
GaAs/AlGaAs heterostructures with superimposed 
lateral grating having a period of 2.5 /mi. The electronic 
micrograph are shown in the inset of Fig. O The 
lateral gratings are prepared on molecular-beam epitaxy 
(lOO)-grown Si-<5-doped n-type GaAs/Alo.3Gao.7As 
quantum- well structures. The mobility [i and carrier 
density n s measured at 4.2 K in our single QW struc- 
ture of 30 nm width arc /i = 4.82 x I0 6 cm 2 /Vs and 
n s = 1.7 x 10 11 cm~ 2 . Samples grown along z || [100] 
were square shaped with sample edges of 5 mm length 
oriented along [110] and [110]. To measure photocur- 
rents, pairs of ohmic contacts were alloyed in the middle 
of sample edges. Gratings of 0.5 /tm width and period 
2.5 fira arc obtained by electron beam lithography 
and subsequent reactive ion etching using SiCLi. Care 
was taken not to etch through the two-dimensional 
electron gas. To get a large patterned area of about 1.4 
mm 2 , 64 squares, each 150/mi x 150 /mi, were stitched 
together. The one-dimensional gratings are oriented 
either along (010) (sample A) or close to (110) (samples 
B and C) crystallographic directions. In the latter case 
the grating is slightly misaligned by a small angle of 
about 4° with respect to the crystallographic direction. 
While the cross section of grooves prepared close to the 
(110) crystallographic direction is rather symmetric the 
shape of grooves prepared along (010) crystallographic 
direction is substantially asymmetric. The average 
depth on the right side of the groove is smaller than that 
on the left side. The reason for this might be attributed 
to the difference in the etching velocities along [110] and 
[110] directions!^. 

For optical excitation we used pulsed molecular THz 
lasers with NH3 as an active medium^. Circularly and 
linearly polarized radiation pulses of about 100 ns dura- 
tion with wavelength A= 280 /mi and power P ~ 2 kW 
were applied. The photocurrents were induced by indi- 
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FIG. 1: Circular photogalvanic current Jc = [J(p = 45°) — 
J(tp = 135°)]/2 as a function of angle of incidence 8o mea- 
sured in a GaAs/Alo.3Gao.7. As reference QW sample with- 
out lateral structure. The current is measured in the direction 
normal to light propagation. Photocurrent is excited by ra- 
diation with wavelength A = 280 fim and power P ~ 2 kW. 
The inset (bottom, left) shows the dependence of the total 
photocurrent J on angle ip measured for angles of incidence 
6*o = ±35°. Two other insets (right panels) show, respec- 
tively, the experimental geometry and the quarter-wave plate 
which varies the radiation helicity according to P c irc = sin 2p. 
Full lines are fits to the phenomenological theory for Civ sym- 
metry relevant for (OOl)-grown unstructured III-V QWs and 
given by Eq. fT} , see^. 



rect intrasubband (Drude-like) optical transitions in the 
lowest size-quantized subband. To measure polarization 
dependencies we used A/4 plates for conversion of lin- 
ear to circular polarization. The helicity is described by 
fcirc = sin 2(p, where ip is the angle between the initial 
plane of laser beam polarization Ei and the c-axis of the 
A/4 plate. To investigate the photogalvanic effects we 
also used linearly polarized light. In the experiments the 
plane of polarization of the radiation, incident on the 
sample, was rotated by A/2 plates. This enabled us to 
vary the azimuth angle a from 0° to 180° covering all 
possible orientations of the electric field vector in the in- 
terface plane. Radiation was applied at oblique incidence 
described by the angle of incidence 0$ varying from —25° 
to +25° (Fig. [T]) and at normal incidence (Fig. [2]). The 
current generated by THz-light in the unbiased samples 
was measured via the voltage drop across a 50 Q load re- 
sistor in a closed-circuit configuration. The voltage was 
recorded with a storage oscilloscope. 

In (OOl)-oricntcd unpatterned samples a signal is only 
detectable under oblique incidence. The photocurrent 
measured perpendicularly to the wave vector of the inci- 
dent light is almost proportional to the helicity P c and 
reverses its direction when the polarization switches from 
left-handed to right-handed circular (see the inset panel 
of Fig. [1]). A photocurrent, but of substantially smaller 
magnitude, is also generated by applying linearly polar- 
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FIG. 2: Photocurrent measured as a function of the angle p 
at normal incidence (8o — 0°) in sample A with the asymmet- 
ric lateral structure prepared along the [010] crystallographic 
axis. The current is measured at room temperature and T 
1 K, excited by the radiation with wavelength A = 280 /im 
and power P w 2 kW. Full line are fits to Eq. (f2J) (see also 
Eq. (©). Left inset shows the experimental geometry, and 
central inset displays a micrograph of the grating. The el- 
lipses on top illustrate the state of polarization for various 
angles p. 

ized radiation. In the whole temperature range from 
room temperature to 4.2 K and for excitation with both 
circularly as well as linearly polarized radiation the vari- 
ation of the angle of incidence from 6q to —9q changes 
the sign of the photocurrent J. This is shown in Fig. [T] 
for the circular photogalvanic effect (CPGE) obtained 
after J c = [J(<p = 45°) - J{>p> = 135°)]/2. For normal 
incidence the photocurrent vanishes. The photocurrent 
is well described by the phenomenological theory of the 
circular and linear photogalvanic effect obtained for the 
point group C2„ which is relevant for this type of struc- 
tures^. Theory yields for the dominating CPGE pho- 
tocurrent J re f of the unpatterned reference sample: 

Jref = «ref sin 6» £P C , (1) 

where a re f is a constant, £ = t v t s jt\^ t p and t s are 
the Fresnel transmission coefficients for the p- and s- 
polarizcd light, respectively, and to is the transmission 
coefficient under normal incidence. The corresponding 
fits of our data are shown in Fig. [1] by the full line and 
in the inset in Fig. [T] as dashed and dotted lines. 

The situation changes drastically for samples with 
grating. Now a photocurrent is also detected at normal 
incidence. The width of the photocurrent pulses is about 
100 ns which corresponds to the THz laser pulse duration. 
In the patterned samples with the grooves oriented along 
(010) we observed that the magnitude of the photocur- 
rent detected at normal incidence (Fig. [5]) is comparable 
and even larger than that obtained in the reference sam- 
ple at large angles of incidence (Fig. [T]). Moreover the 
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FIG. 3: Photocurrent measured as a function of the angle 
ip at various angles of incidence (Go) in sample A with an 
asymmetric lateral structure prepared along the [010] crystal- 
lographic axis. The data for 8q are shifted by +2.5 fxA for 
each 2.5° step (positive f?o) and by —2.5 fxA for each 2.5° step 
(negative 8o). The current is measured at room temperature, 
excited by radiation with wavelength A = 280 fira and power 
P w 2 kW. Full lines are fits to Eqs. (2) (see also Eq. ©). 
The inset shows the experimental geometry. The ellipses on 
top illustrate the state of polarization for various angles (p. 
The data, periodic in n, are plotted from <p — 0° to <p = 360° 
to better visualize the features of interest. 



polarization behaviour has changed. Figure [5] shows el- 
lipticity dependent measurements of sample A excited at 
normal incidence. The data can be well fitted by 



J = a sin 2(p + b sin Aip + c cos Aip + d . 



(2) 



Here, the parameters a, b, c, and d are phenomcnological 
fitting parameters, described below. Figure [5] shows that 
the photon helicity dependent photocurrent caused by 
circular photogalvanic effect gives an essential contribu- 
tion. Figure Q] displays the CPGE current as a function 
of the angle of incidence 8o for sample A (open circles) 
and the unstructured reference sample (full circles). To 
extract the CPGE current from the total current we used 
the fact that the CPGE contribution, given by the term 
a sin 2tp, changes its sign upon switching the helicity while 
all the other terms remain unchanged. Taking the diffcr- 
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FIG. 4: Circular photogalvanic current Jc = [J{<p — 45°) — 
J(tp — 135°)]/2 measured as a function of the incidence angle 
9o in sample A with the asymmetric lateral structure along 
[010] crystallographic axis (full circles) and the unstructured 
reference QW sample (open circles). The current is measured 
in the direction normal to light propagation and excited by 
radiation with wavelength A = 280 /im and power P ~ 2 kW. 
Full and dashed lines are fits to Eqs. ([3]), see also the term 
proportional to P c in Eq. (JSJ), and {TJ, respectively. Trian- 
gles show the 8o dependence of the polarization-insensitive 
photocurrent together with the curve calculated according to 
J = dt; cos (9o following from Eq. ©. The data are obtained 
from fitting the (^-dependence of the photocurrent J taken at 
various incidence angles. Inset shows the experimental geom- 
etry used for sample A. 



ence of photocurrents of right and left handed radiation 
we get the CPGE current Jc- At oblique incidence, in the 
structured sample it consists of two contributions. The 
first one has the same origin as the one observed in the 
reference sample and is described by Eq. {TJ). The second 
one is due to the lateral structure. The dependence of 
the CPGE photocurrent on the angle of incidence 9q can 
be well fitted by 



Jc = (a re f sin 9q + a cos 6q)£ 



(3) 



Now we turn to the photon helicity independent con- 
tributions to the photocurrent, denoted by coefficients 
b, c and d in Eq. @. These contributions we attribute 
to the linear photogalvanic effect (LPGE). The LPGE 
photocurrents can be generated by applying linearly po- 
larized radiation. Figure O shows the dependence of the 
photocurrent on the azimuth angle describing the vari- 
ation of the light's electric field direction relative to the 
crystallographic direction [110]. We found that all data 
can be well fitted by 



J = 2b sin 2a + 2c cos 2a + d — 



(4) 



We emphasize that 6, c, and d are the same fitting param- 
eters used for the data shown in Fig. [51 Figure 0] shows 
the dependence of the polarization independent contri- 
bution, proportional to the coefficient d, on the angle of 
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FIG. 5: Photocurrent J measured as a function of the an- 
gle a under normal incidence at room temperature and T = 
10 K in sample A with the asymmetric lateral structure along 
[010] crystallographic axis. Photocurrent is excited by linearly 
polarized radiation with wavelength A = 280 /im and power 
P « 2 kW. Full lines are fits to Eq. (QJ, see also Eq. ©. We 
used for fitting the same values of b, c and d as in the exper- 
iments with elliptically polarized radiation, see Fig. [5] Left 
inset shows the experimental geometry, and right inset de- 
fines the angle a. On top the arrows indicate the polarization 
corresponding to various values of a. 

incidence 9q- In this case the experimental data can be 
well fitted by 

J = rfcos^oC ■ (5) 

Figurcs[5]and[5]dcmonstrate that the dominant contribu- 
tion to the photocurrent is polarization independent and 
can therefore be obtained by unpolarized radiation. In 
samples B and C with the grooves oriented along (110) 
crystallographic directions we also detected a photocur- 
rent at normal incidence having the same polarization 
dependences as sample A, Eqs. ([2]) and (HJ. However, the 
photocurrent measured in sample A is about an order of 
magnitude larger than in sample B and C. We ascribe 
this to the grooves profile being strongly asymmetric in 
sample A while nearly symmetric in samples B and C. 

III. PHENOMENOLOGICAL DESCRIPTION 

In this section our theoretical analysis of the exper- 
imental data is based on the symmetry considerations 
of the phcnomenological equations describing the photo- 
galvanic effects (PGE) under study. Under normal inci- 
dence of the laser radiation on the sample the in-plane 
photocurrent is given by 

3l = Ximn{e m e* n } + Iji z P c , (6) 

where l,m,n are the in-plane coordinates, {e m e*} = 
(e m e* + e n e^ n )/2, /, e and P c are the light intensity, po- 
larization unit vector and degree of circular polarization. 
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FIG. 6: Photocurrent J measured as a function of the angle a 
at room temperature in sample A with the asymmetric lateral 
structure along [010] crystallographic axis. The data for 8o ^ 
are shifted by +2.5 fiA for each 2.5° step (positive 9o) and 
by —2.5 /iA for each 2.5° step (negative 8o). The current 
is measured at room temperature, excited by radiation with 
wavelength A = 280 fj,m and power P « 2 kW. Full lines are 
fits to Eqs. ([2]), see also Eq. <[9j . The left inset shows the 
experimental geometry. The right inset displays the sample 
and the radiation electric field viewing from the source of 
radiation side. 



The third rank tensor ximn describing the linear PGE is 
symmetrical with respect to the interchange of the second 
and third indices, and "fi m is a second-rank pseudotcn- 
sor describing the circular PGE. The (OOl)-grown het- 
erostructure has the point-group symmetry F Ie f = C21, 
which forbids in-plane photocurrents under normal inci- 
dence^ as it is confirmed by measurements performed on 
the reference samples. 

The lateral superlattice can reduce the symmetry of 
the system. Let us denote the superimposed periodic 
lateral potential as V(p), where p is the two-dimensional 
radius-vector, and introduce the period a and two in- 
plane axes x and y oriented, respectively, parallel and 
perpendicular to the direction of periodicity. Then, by 
definition, the lateral superlattice potential does not de- 
pend on y and is a periodic function of x, namely, 
V(x + a) = V(x). One of the symmetry elements of this 
potential is the mirror reflection plane a y perpendicular 
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to the axis y. Its total point-group symmetry Fsl can 
be either C s if the function V(x) is asymmetric or C2„ if 
V(x) is an even function with respect to a certain origin 
on the axis x. In the latter case, in addition to the iden- 
tity element e and the mirror plane a y , the point group 
contains the mirror plane a x _L x and the second-order 
rotation axis Ci || z. 

The symmetry of the structured sample is determined 
by the direct product F rc f x Fsl of the point groups de- 
scribing the symmetries of the reference hetcrostructure 
and lateral potential. If the potential V(x) is symmetri- 
cal both groups F ie { and -Fsl have a common element C2 
and the photocurrents under normal incidence are for- 
bidden. This is obviously realized in the samples with 
the superlattice axes x, y oriented in the (110) direc- 
tions. Thus, the photocurrents can be induced under 
normal incidence only in the case of an asymmetrical po- 
tential V(x). If the axes x,y of this potential coincide 
with the axes [110], [110], the symmetry of the system is 
C s , Eq. © reduces to 

3x = I[X1 + X2(\e x \ 2 ~ \e v \ 2 )} , (7) 
j y = 2I X3 {e x e* y } + Ir/P c , 

and is governed by four linearly independent coefficients. 
If the axes x,y are rotated with respect to [110], [110] 
by an angle different from multiples of 90° the struc- 
tured sample lacks any symmetry operations except for 
the identity and corresponds to the point group Ci. Phe- 
nomenologically, in this case each of the photocurrents 
component j x ,j y is a sum of a polarization- independent 
term and three terms proportional to le^ | 2 — |ej,| 2 , {e K e*} 
and P c , and the normal-incidence PGE is described by 
eight independent coefficients. 

Equations describe the normal-incident photocur- 
rent for any in-plane orientation of the axes x, y if the 
microscopic asymmetry of an unstructured quantum well 
is ignored and only asymmetry of the lateral superlattice 
is taken into account. If the pair of contacts makes an 
angle of 45° with the axes x and y the normal-incidence 
photocurrent is an equal superposition of the currents j x 
and j y . If the initial laser light is polarized along the line 
I connecting the contacts then, for normal incidence, the 
dependence of the photocurrent component ji along this 
line on the orientation of the A/4 and A/2 plates is given 
by 

3l (f)/ 1 = H sin 2 ¥> + — sin 4p + — cos 4tp + xu + -~~ > 

(8) 

and 

3l(ai) /I = \3i sin 2a + X21 cos 2a + X il , (9) 

respectively. These equations agree with the experimen- 
tal polarization dependences of the current J oc ji [see 
Figs. H M and Eqs. ©, ©] yielding 

X3l , X11 , 
li = a, ~2~ ' ~Y = C ' XU = ~ ° ' 



The dependence of the photocurrent ji on the angle of 
incidence 9q can be described by the factor cos 6q£. This 
also agrees with experimental observations which are well 
fitted by Eqs. ([5]) and ©, see Fig. d] which shows the 
CPGE and LPGE contributions given by coefficients a 
and d, respectively. 

An additional mechanism of the asymmetry leading to 
the photocurrents can be related to the space-modulated 
intensity of the radiation exciting the structure. Such an 
inhomogeneous distribution of the electric field in struc- 
tured samples with distance between the groove edges 
and QW layers of nanometer scale is expected due to 
near-field effects. In the THz range a local enhancement 
of electric fields in structures with subwavelength pattern 
has previously been observed in GaAs tunnelling Schot- 
tky barrier junctions ( for review see Chapter 2 in the 
booki^). In our samples, due to the near-field effects, 
the amplitude of a plane electromagnetic field penetrat- 
ing through the superimposed grating becomes a periodic 
function of x with the same period a. In the asymmetri- 
cal structure the potential V(x c ) and the intensity I(x c ) 
of the normally-incident radiation can be shifted rela- 
tive to each other in phase. As a result, the product 
I(x c )(dV/dx c ) averaged over space as well as the coeffi- 
cients Xj m Eq. ([7]) are nonvanishing. 

IV. MICROSCOPICAL MODEL 

If the lateral superstructure is responsible for the PGE 
observed at normal incidence then one can ignore the ini- 
tial symmetry C2V of the reference hetcrostructure, disre- 
gard mechanisms of PGE related to the lack of an inver- 
sion center in the unstructured sample and rely only on 
the symmetry of superstructure potential V(x) and the 
in-plane intensity modulation. In this case one can apply 
Eqs. ||7J) for any orientation of the axes x, y irrespectively 
to the crystallographic directions [110], [110]. 

We have analyzed microscopic mechanisms of PGE by 
using the classical Boltzmann equation for the electron 
distribution function fk, namely, 

(l + "-S + fs) A < I ) + * l+<3 " , = -< 10 ' 

Here the simplified notation x is used for the coordinate 
x, k is the electron two-dimensional wave vector, J 1 is a 
sum of the time-dependent electric-field force 

eE(t) = e(E e- [ ^ + E*e iuJt ) (11) 

of the light wave and the static force —dV(x)/dx, u is 
the light frequency, v^, = hk/m* is the electron veloc- 
ity, e and m* are the electron charge and effective mass, 
Q[ p) and are the collision terms responsible for the 
electron momentum and energy relaxation, respectively. 
(p) 

The operator Q k is taken in the simplest form 

q (p) = fk - (fk) j (12) 
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where r is the momentum relaxation time and the brack- 
ets mean averaging over the directions of k. The op- 
erator acts on the distribution function averaged 
over the directions of k and depends only on the mod- 
ulus k = \k\. Equation (fT0| is valid for the weak and 
smooth potential satisfying the conditions |V(x)| <C e e 
and <7o = 2ir/a <C k e , where k e and e e are the typical 
electron wave vector and energy, and for the photon en- 
ergy htu being much smaller than e e . 

If the space modulation of the radiation intensity is 
ignored the photocurrent is obtained by solving Eq. (jTUJ) 
in the fifth order perturbation theory, namely, the second 
order in the amplitude of the light electric field Eq and 
the third order in the lateral potential V(x) 



Ji 



(13) 



Here V 2 is the dispersion V(x) 2 , the overline means av- 
eraging over space (without losing generality, we suppose 
V(x) = 0), and £ is a dimcnsionless measure of the poten- 
tial asymmetry. For the simplest asymmetric potential 
V\ cos (qox)+V2 sin (2qox) with <jo = 2ir/a, the parameter 
C equals -3V2V?V 2 / (V? + V^f' 2 and V 2 = (V 1 2 +Vi)/2. 
The form of the coefficient i?; in Eq. (Tlll|) depends on the 
radiation polarization, in accordance with Eq. ([7]), and 
the experimental conditions, particularly, on the relation 
between the light frequency to and the momentum and 
energy relaxation times, t and r E , respectively, as well 
as on the relation between the period a and the electron 
free-path length l e and energy diffusion length l e . 



V. ESTIMATIONS FOR PHOTOGALVANIC 
CURRENTS 

Circular PGE. First of all, we present an estimation for 
the circular photocurrent described by the coefficient 7 in 
the second equation ([7]) for the non-degenerate electron 
gas in the limiting case t~ , qol e ,qoh *C u>: 



j y = 7/ w evgrN— — 



hk e ( q \ (V 



to* \k e J k B T{huj) 2 ' 



(14) 



where v = dlnr/dlne, g is the photon absorption prob- 
ability rate per particle: 



47re 2 I 
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m^criu, Tiuj 1 + (w)' 



(15) 



The radiation intensity / is related to the amplitude Eq 
by 

I= C -^{\E» x \ 2 + \E Qy \ 2 ), 

is the refraction index and c is the light velocity in 
vacuum. While deriving Eq. (|14|) we assumed g to be 
x-independent . 



Polarization-independent PGE. The photocurrent in- 
dependent of polarization and proportional to the coef- 
ficient xi in Eq- can be related to heating of free 
carriers by the electromagnetic wave. At high tempera- 
tures the conditions l e ,l s -C a are fulfilled, and the kinetic 
equation (|10p can be reduced to the macroscopic equa- 
tions for the two-dimensional electron density N(x), local 
noncquilibrium temperature Q(x), current density and 
energy flux density i £ , x (x). In the continuity equation for 
the energy flux density the supplied and dissipated pow- 
ers are taken in the form 

Wt ] = TuogN , Wj out) = M ®~ r) N , (16) 

where r e is the energy relaxation time, O is the local 
electron temperature, T is the equilibrium phonon tem- 
perature and k B is the Boltzmann constant. In what 
follows we assume a moderate pump power resulting in a 
weak increase in the temperature, — T <C T. Under the 
homogeneous optical excitation the macroscopical equa- 
tions have the following solution 

k B Q = k B T + hujgr, , N(x) = N Q e- v[x),kBe , 

where Nq is ^-independent. For this solution both the 
electric current j x and the flux i £ . x are absent. However, 
a value of j x becomes nonzero with allowance for the 
generation rate g to vary in space. Let this variation be 
described by g(x) = go+g^ cos (qox + ip g ). The steady- 
state inhomogeneous generation produces a permanent 
periodic electron temperature 

k B Q(x) = k B T + T e hujg^ cos (q x + tp g ) 

which is followed by a light-induced correction to the 
space-oscillating contribution to the electron density 



SN(x) 



k B T 



hcog^ 1 ' cos (qox + tp g ) 



The photocurrent is calculated as an average 



Jx 



-fj, ± ' SN(x) , 



d.r 



where u is the mobility er/m*. For the lateral potential 
taken in the form V(x) = V% cos (qox + (fv), the symme- 
try of the system is broken due to a phase shift between 
V(x) and Q(x). The result for \i reads 



j x =XiI = vNoqoVi 



hujgt- 1 



2k B T 



sm((p g -tp v ) (17) 



= nN hqo('go UT e . 

2k B L 

Here (' = {g^/go) sin (ip g — ipv) is the parameter of 
asymmetry related to the inhomogeneous photoexcita- 
tion. The model used to derive Eq. (fTTj) is similar to 
the model considered in fiefs. 14 ' 15 for a ratchet with si- 
nusoidal potential and temperature and a relative phase 
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lag between them. The difference is that here we assume 
V\ <S k B T while in Rebii the opposite case is consid- 
ered. It should be noted that the nonequilibrium asym- 
metric systems with both a periodic potential V(x) and 
a periodic temperature profile T(x) are referred to as the 
Seebeck ratchets^. 

It follows from Eqs. (|T5|) and (jTYJ) that microscopically 
the coefficient xi can be presented in the form 



Xi 



27762 C'uNq hq ° 
hcn u 



m* 1 + {lot) 2 k B T 



(18) 



Circular PGE under inhomogeneous excitation. Now 
we show that the polarization-dependent photocurrents 
and even the CPGE currents can as well be induced in a 
lateral superlattice with the out-of-phase periodic poten- 
tial V(x) and generation g(x). The photocurrent in the 
y direction is calculated according to 



2e 2 r 



h 



ReiE^SN^x)} 



(19) 



where SN UJ (x) is the amplitude of the electron density 
oscillation linear in the THz electric field Eq x . From the 
continuity equation — iuieSN^ + dj XtUJ /dx = and the 
equation for the linear-response electric current contri- 
bution modulated in space 



J., 



e 2 rN Q E { 



O.r 



V(x) 



1 — 1UJT knT 



we find the amplitude SN UJ (x) and, finally, the circular 
photocurrent 



7/ = ^,N hq Cgo 

The coefficient 7 is given by 

hq 



Vi 
4,k B T 



7 



hen, 



TO* U)(l + lu 2 t 2 ) k B T 



(20) 



(21) 



The generation of a steady-state electron flow along 
the y axis sensitive to the circular polarization P c results 
from two phase shifts of the oscillation 5N(x, t), in space 
with respect to V(x) by ip g — ifv and in time with re- 
spect to E x (t) by arctan(tJT). This current is smaller 



as compared with the polarization-independent current 
by a factor of 2lot £ . This agrees with the experiment 
where the polarization-independent contribution is dom- 
inating. The ratio of the circular photocurrents (fT4")) and 
(|20l) equals (( / (')(q V / k e nuj) 2 . Due to the small param- 
eter (qo/k e ) 2 the contribution ([20|l is expected to exceed 
the alternative contribution (fT4")) . For the inhomogeneous 
photoexcitation, the coefficients \2 and \3 have the same 
order of magnitude ~ jujt. 



VI. SUMMARY 

A new mechanism of circular and linear photogalvanic 
effects has been proposed and demonstrated experimen- 
tally. The lateral grating etched into the sample's surface 
induces a periodical lateral potential acting on the two- 
dimensional electron gas. In addition, it modifies the 
normally-incident radiation causing its spatial modula- 
tion in plane of the electron gas. If the lateral struc- 
turing is asymmetrical the spatial modulations of the 
static lateral potential V(x) and the radiation inten- 
sity I(x) are relatively shifted relatively to each other. 
As a result the product of the static force —dV(x)/dx 
and the photothcrmal modulation of the electron den- 
sity SN(x) has a nonzero space average and, therefore, a 
homogeneous electric current is generated, an effect pre- 
viously predicted by Blanter and Biittiker— . In this pa- 
per we have proposed polarization-dependent photocur- 
rents arising in the same system with broken symmetry 
due to the phase shift between periodic potential and 
periodic light field. These currents, in contrast to the 
polarization-independent photocurrent, are independent 
of the energy relaxation time, if ojt e 3> 1, and controlled 
only by momentum relaxation time. 
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